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IntroducQon 
•  ARer	
  the	
  discovery	
  of	
  a	
  SM	
  Higgs	
  

boson	
  around	
  125	
  GeV,	
  there	
  are	
  
sQll	
  some	
  open	
  quesQons	
  in	
  SM	
  
(e.g.	
  Higgs	
  self-­‐energy)	
  

•  Several	
  BSM	
  models	
  predict	
  heavy	
  
neutral	
  scalars	
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  ZZ	
  paper	
  :	
  	
  h]p://arxiv.org/abs/1507.05930	
  
WW	
  paper	
  :	
  h]p://arxiv.org/abs/1509.00389 
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Signal	
  models WW ZZ 
Narrow	
  Width	
  ApproximaQon	
  (NWA) ✔ ✔ 

Complex	
  Pole	
  Scheme	
  (CPS) ✔ 

Two	
  Higgs	
  Doublet	
  Model	
  (2HDM) ✔ 

Intermediate-­‐width	
  (IW) ✔ 

8	
  TeV,	
  	
  
20.3	
  b-­‐1	
  data 



Signal	
  Models	
  (NWA,	
  IW) 
•  Narrow	
  Width	
  ApproximaQon	
  (NWA)	
  	
  

–  Use	
  width	
  of	
  SM	
  Higgs	
  boson	
  at	
  125	
  GeV	
  (4.07	
  MeV)	
  
–  Do	
  not	
  need	
  to	
  worry	
  about	
  interference	
  between	
  signal	
  and	
  
background	
  	
  

–  Can	
  go	
  to	
  region	
  beyond	
  1	
  TeV 
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•  Intermediate-­‐width	
  (IW)	
  
– MoQvated	
  by	
  (ElectroWeak	
  Singlet)	
  EWS	
  model	
  
–  Use	
  the	
  signal	
  width	
  between	
  NWA	
  and	
  SM-­‐like	
  width	
  
–  The	
  cross	
  secQon	
  and	
  parQal	
  width	
  are	
  scaled	
  with	
  
different	
  values	
  .	
  Use	
  BR	
  from	
  SM	
  predicQon	
  

–  Interference	
  effects	
  are	
  taken	
  into	
  account	
  as	
  CPS	
  model 



Complex	
  Pole	
  Scheme	
  (CPS) 
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dSNNLO = K(m) dS

dScorr = dSNNLO + (K(m))n dI, n = 0, 0.5, 1

Here SNNLO is signal lineshape after NNLO K -factors applied, and Scorr is that after including
interference. As for the Scorr, n = 0.5 gives central shape, while n = 0 or 1 gives down or up uncertainty
band. Fig. 124(right) shows SNNLO and Scorr with its uncertainty band, for 900 GeV signal hypothesis.
By dividing Scorr by SNNLO, we get weights to correct our POWHEG signal lineshapes.
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Figure 124: Invariant mass of the 2!2ν system for gg(→ H) → ZZ → 2!2ν signal, background and sig-
nal+background+interference (left); Signal lineshape before and after including interference (right). A 900 GeV
signal hypothesis is used here

12.3.4 Reweighting CPS PowHeg-BOX samples
At high Higgs mass the interference between the Higgs signal and the gg → ZZ or gg → WW contin-
uum backgrounds becomes very large. It can affect significantly both cross sections and distributions,
depending from the final state. More recently, the interference effect at LO has been included in some
MC programs as discussed in Section 12.2. Nevertheless the current signal samples used by ATLAS
and CMS have been generated with POWHEG BOX [80] which does not include the interference effect.
This brings to the needs of a theoretical prescription to reweight such samples in order to account for this
effect and associate an uncertainty on this reweighting procedure.

Several reweighting tools based on tables and scale factors provided in [559] have been developed
depending from the different final state. They allow to rescale on an event by event basis the CPS PowHeg
BOXMC signal samples to account for the interference effect and to include the theoretical uncertainties
as described in Section 12.1.2.

The effect of such reweighting on ZZ andWW invariant masses, with the associated uncertainties
are shown respectively in Fig. 125 and Fig. 126.
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Interference Effects for CPS Samples
All the treatments should be the same with lvlv analysis. Just include them for completeness

How to account interference
CPS samples are generated via
Powheg Box without any
interference
ggF : use MCFM to generate S+B+I,
B and S samples and derive the
weights
VBF : use REPOLO (REweighting
POwheg events at Leading Order) to
derive the weights
Apply those weights to CPS Powheg
samples
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•  Use	
  SM-­‐like	
  width	
  :	
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Two	
  Higgs	
  Doublet	
  Model	
  (2HDM) 
•  Add	
  another	
  doublet	
  to	
  Higgs	
  sector	
  

–  Five	
  physical	
  Higgs	
  bosons	
  :	
  two	
  CP-­‐even	
  h	
  and	
  H;	
  one	
  CP-­‐odd,	
  A	
  
and	
  two	
  charged	
  H±	
  	
  

•  Free	
  parameters	
  :	
  	
  
–  Higgs	
  boson	
  masses	
  :	
  mh,	
  mH,	
  mA,	
  mH±	
  

–  tanβ	
  :	
  raQo	
  of	
  the	
  vacuum	
  expectaQon	
  values	
  between	
  the	
  two	
  
doublet	
  

–  α	
  :	
  the	
  mixing	
  angle	
  between	
  the	
  two	
  CP-­‐even	
  states	
  h	
  and	
  H	
  
–  m2

12	
  :	
  the	
  parameter	
  to	
  mix	
  the	
  two	
  doublets	
  
•  Different	
  types	
  of	
  2HDM:	
  

–  Type	
  I	
  :	
  one	
  Higgs	
  doublet	
  couples	
  to	
  vector	
  bosons	
  and	
  the	
  
other	
  couples	
  to	
  fermions	
  (fermiophobic)	
  

–  Type	
  II	
  :	
  one	
  doublet	
  couples	
  to	
  up-­‐type	
  quarks,	
  and	
  the	
  other	
  
couples	
  to	
  down-­‐type	
  quarks	
  and	
  leptons	
  (MSSM	
  like)	
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Analyses	
  Strategies	
  Overview	
  I	
   
•  The	
  interference	
  between	
  signal	
  and	
  conQnuum	
  
background	
  is	
  done	
  by	
  reweighQng	
  
–  ‘Large	
  width’	
  signal	
  searches	
  can	
  not	
  go	
  beyond	
  1	
  TeV	
  

•  The	
  signal	
  searches	
  span	
  from	
  140	
  GeV	
  to	
  1500	
  
GeV	
  
–  Low	
  mass	
  region	
  :	
  more	
  background,	
  mulQ-­‐leptons	
  
final	
  states	
  have	
  be]er	
  sensiQvity	
  

– High	
  mass	
  region	
  :	
  low	
  background,	
  high	
  branch	
  raQo	
  
final	
  states	
  tend	
  to	
  have	
  be]er	
  sensiQvity	
  generally	
  

– Have	
  to	
  use	
  different	
  analysis	
  strategy	
  different	
  mass	
  
region.	
  For	
  example,	
  	
  	
  (-­‐>next)	
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Analyses	
  Strategies	
  Overview	
  II 
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Channels Range Produc6on	
  
modes 

WW-­‐>lvlv 	
  	
  	
  CPS	
  :	
  220	
  GeV	
  –	
  1	
  TeV	
  
NWA	
  :	
  300	
  GeV	
  –	
  1.5	
  TeV	
  
	
  	
  	
  	
  IW	
  :	
  200	
  GeV	
  –	
  1	
  TeV 

ggF,	
  VBF 

WW-­‐>lvqq ggF,	
  VBF signal	
  mass	
  dependent	
  selecQons;	
  
Use	
  large-­‐R	
  jets 

ZZ-­‐>4l 140	
  GeV	
  –	
  1	
  TeV ggF,	
  VBF,	
  
VH 

Good	
  for	
  low	
  mass 

ZZ-­‐>llqq 200	
  GeV	
  –	
  1	
  TeV ggF,	
  VBF merged	
  jet	
  region	
  for	
  mH	
  >	
  700	
  
GeV	
  (sQll	
  using	
  anQ-­‐kt	
  R=0.4) 

ZZ-­‐>llvv 240	
  GeV	
  –	
  1	
  TeV ggF,	
  VBF 

ZZ-­‐>vvqq 400	
  GeV	
  –	
  1	
  TeV ggF 



WW-­‐>lvlv 
•  Two	
  leptons	
  (e/mu)	
  and	
  two	
  neutrinos.	
  
•  Low	
  background	
  due	
  to	
  number	
  of	
  leptons.	
  	
  
•  Poor	
  mass	
  resoluQon	
  due	
  to	
  the	
  neutrinos	
  
•  Separate	
  events	
  into	
  0,	
  1	
  and	
  ≥2	
  jets	
  
•  Use	
  Top	
  control	
  regions	
  and	
  WW	
  control	
  regions	
  to	
  constrain	
  

background	
  in	
  signal	
  regions	
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In the Njet = 0 category, additional requirements on the pT of the dilepton system p``T and on m`` are applied.
In the Njet = 1 category, a b-jet veto is applied to suppress the top background, and a selection on m`` is
imposed. To orthogonalise the Njet = 0 and Njet = 1 signal regions with respect to the WW control regions
(Section 5.2), the pseudorapidity di↵erence �⌘`` between the two leptons is required to be smaller than
1.35.

The Njet � 2 category is optimised to extract the Higgs boson signal produced via vector-boson fusion. The
invariant mass m j j of the two highest-pT jets, referred to as the tagging jets, is required to be larger than
500 GeV. The magnitude of the rapidity di↵erence between the tagging jets, �y j j , is required to be larger
than 4.0. In addition, the event must have no additional jets with pT > 20 GeV within the rapidity gap
of the tagging jets, while both leptons are required to be within this rapidity gap. A b-jet veto is applied,
and the total transverse momentum ptot

T in the event is required to be smaller than 40 GeV. The quantity
ptot

T is defined as the magnitude of p`1T +p`2T +pmiss
T +

P
pjets

T , where the sum is over all jets that pass the
nominal analysis jet selection. Selections on m`` are applied as in the Njet  1 categories, and �⌘`` < 1.85
is required. For a Higgs boson with mH = 300 GeV and the ratio of ggF and VBF cross sections predicted
by the SM, 83% of the total signal selected in the Njet � 2 category is produced by the VBF process. In the
Njet = 0 and Njet = 1 categories, these fractions are 2% and 12%, respectively. The signal fractions from
the VBF process increase with increasing mH .

The discriminant used to derive the final results in this analysis is the transverse mass mT, defined as:

mT =

q
(E``T + Emiss

T )2 � |p``T + Emiss
T |2, (2)

where E``T =
q
|p``T |2 + m2

``.

5.2 Background determination

The major backgrounds in this analysis are top-quark and WW production, with additional contributions
from W/Z+jets, multijets, and the diboson processes WZ, W�, W�⇤, and ZZ. The top-quark and WW
backgrounds are normalised to data in control regions (CRs) defined by criteria similar to those used
for the SR, but with some requirements loosened or reversed to obtain signal-depleted samples enriched
in the relevant backgrounds. This normalisation is done through a simultaneous fit to the signal region
and all control regions, as described in Section 9.1. This fit uses the complete background prediction in
each region in order to account for the presence of other backgrounds and the potential small presence
of signal. In particular, any background whose normalisation is determined by a control region is scaled
by the same normalisation factor in all signal and control regions, not just its own control region. The
following subsections describe the methods used to estimate the most important backgrounds, namely,
WW, top-quark events, and W+ jets, in more detail. The Drell–Yan and non-WW diboson backgrounds
are small, and their predictions are computed from simulation.
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Figure 5: Transverse mass distributions in the 0-jet (top), 1-jet (middle) and � 2 jet (bottom) categories in the
H ! WW ! `⌫`⌫ signal regions. Di↵erent-flavour (left) and same-flavour (right) final states are shown. The
histograms for the background processes, including the observed H[125 GeV], are shown stacked, and the distribu-
tion for a hypothetical CPS signal process with mH = 600 GeV and the cross section predicted by the SM for that
mass is overlaid. The combined statistical and systematic uncertainties on the prediction are shown by the hatched
band in the upper pane and the shaded band in the lower pane. In each figure, the last bin contains the overflow.
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Use	
  transverse	
  mass	
  as	
  discriminant	
  :	
  	
   

Main	
  background	
  :	
  	
  
•  WW	
  
•  Top 

arXiv:1509.00389 



WW-­‐>lvqq 
•  Larger	
  branching	
  raQo.	
  More	
  sensiQve	
  at	
  higher	
  mass	
  region	
  
•  Use	
  full	
  mass	
  (mlvjj)	
  as	
  discriminant	
  (pvZ	
  is	
  constrained	
  by	
  W	
  

mass)	
  
•  Include	
  large-­‐R	
  jets	
  to	
  have	
  be]er	
  signal	
  efficiency	
  	
  
•  Use	
  signal	
  mass	
  dependent	
  selecQons	
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Main	
  background	
  :	
  	
  
•  Wjets	
  
•  Top 
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Figure 6: Distributions of the invariant mass m`⌫ j j of the WW system and the ratio of data to background expectation
for the WCR (top), TopCR (middle), and SR (bottom) after the ggF preselection (left) and the VBF preselection
(right) for the H!WW ! `⌫qq analysis. The histograms for the background processes are shown stacked, and the
distribution for a hypothetical CPS signal process with mH = 500 GeV and the cross section predicted by the SM
for that mass is overlaid. All the flavour and charge categories are summed in each plot. No normalisation scale
factors are applied to the top or W background samples. The combined statistical and systematic uncertainties on
the prediction are shown by the hatched band in the upper pane and the shaded band in the lower pane. In each
figure, the last bin contains the overflow.
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Object Selection II

Jets (resolved) : anti-kt R=0.4, Local Cluster Weighting
(LCW) calibration; pjet

T > 30 GeV, |⌘jet | < 4.5
Fat jets : Cambridge/Achen (CA) algorithm with R=1.2;
Standard mass drop filter algorithm applied (Nsubjets = 3,
ycut < 0.09, µfrac = 0.67, Rmin = 0.3) ; pjet

T > 100 GeV,
|⌘jet | < 1.2 JHEP09 (2013) 076, arXiv:1306.4945

Remove jets if they are overlapped with lepton (�R < 0.3)
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Cambridge/Achen	
  (CA)	
  algorithm	
  with	
  R=1.2 
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9.5 Results in the intermediate-width scenario

The data can also be interpreted in terms of an additional Higgs boson with a width intermediate between
the narrow-width approximation and the CPS scenario. This interpretation is motivated by the electroweak
singlet (EWS) model, and assumes that the production cross sections and partial widths of the heavy Higgs
boson are related to those of the SM Higgs boson by a single, constant scale factor (0)2. This allows
combination of the ggF and VBF production modes as well as the two WW decay channels considered
here. Non-SM decay modes, possible in the EWS model, are not considered in this analysis and the
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singlet (EWS) model, and assumes that the production cross sections and partial widths of the heavy Higgs
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Figure 1: The distributions used in the likelihood fit of the four-lepton invariant mass m```` for the H ! ZZ !
`+`�`+`� search in the (a) ggF, (b) VBF, and (c) VH channels. The ‘Z+ jets, tt̄’ entry includes all backgrounds other
than ZZ, as measured from data. No events are observed beyond the upper limit of the plots. The simulated mH =
200 GeV signal is normalized to a cross-section corresponding to five times the observed limit given in Section 11.
Both the VBF and VH signal modes are shown in (b) as there is significant contamination of VH events in the VBF
category.
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to reduce the background from top-quark production. All jets in the event must have an azimuthal angle
greater than 0.3 relative to the missing transverse momentum.

The discriminating variable used is the transverse mass mZZ
T reconstructed from the momentum of the

dilepton system and the missing transverse momentum, defined by:

(mZZ
T )2 ⌘
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The resulting resolution in mZZ
T ranges from 7% at mH = 240 GeV to 15% at mH = 1 TeV.

Figure 2 shows the mZZ
T distribution in the ggF channel. The event yields in the VBF channel are very

small (see Table 2).
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Figure 2: The distribution used in the likelihood fit of the transverse mass mZZ
T reconstructed from the momentum

of the dilepton system and the missing transverse momentum for the H ! ZZ ! `+`�⌫⌫̄ search in the ggF
channel. The simulated signal is normalized to a cross-section corresponding to five times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom pane
shows the ratio of the observed data to the predicted background.

6.2. Background estimation

The dominant background is ZZ production, followed by WZ production. Other important backgrounds
to this search include the WW, tt̄, Wt, and Z ! ⌧+⌧� processes, and also the Z + jets process with
poorly reconstructed Emiss

T , but these processes tend to yield final states with low mT. Backgrounds from
W + jets, tt̄, single top quark (s- and t-channel), and multijet processes with at least one jet misidentified
as an electron or muon are very small.

The Powheg simulation is used to estimate the ZZ background in the same way as for the ```` search. The
WZ background is also estimated with Powheg and validated with data using a sample of events that pass
the signal selection and that contain an extra electron or muon in addition to the Z ! `+`� candidate.
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shows the ratio of the observed data to the predicted background.

6.2. Background estimation

The dominant background is ZZ production, followed by WZ production. Other important backgrounds
to this search include the WW, tt̄, Wt, and Z ! ⌧+⌧� processes, and also the Z + jets process with
poorly reconstructed Emiss

T , but these processes tend to yield final states with low mT. Backgrounds from
W + jets, tt̄, single top quark (s- and t-channel), and multijet processes with at least one jet misidentified
as an electron or muon are very small.

The Powheg simulation is used to estimate the ZZ background in the same way as for the ```` search. The
WZ background is also estimated with Powheg and validated with data using a sample of events that pass
the signal selection and that contain an extra electron or muon in addition to the Z ! `+`� candidate.
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Figure 4: Distributions for the merged-jet channel of the H ! ZZ ! `+`�qq̄ search after the mass calibration.
(a) The invariant mass of the leading jet, mj, after the kinematic selection for the ``qq merged-jet channel. (b) The
distribution used in the likelihood fit of the invariant mass of the two leptons and the leading jet m`` j in the signal
region. It is obtained requiring 70 < mj < 105 GeV. The dashed line shows the total background used as input to
the fit. The simulated signal is normalized to a cross-section corresponding to five times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background. The signal contribution is shown added on top of
the background in (b) but not in (a).

of them being non-b-tagged and pointing in opposite directions in z (that is, ⌘1 · ⌘2 < 0). If more than
one such pair is found, the one with the largest invariant mass, m j j,VBF, is selected. The pair must further
satisfy m j j,VBF > 500 GeV and have a pseudorapidity gap of |�⌘ j j,VBF| > 4. The distributions of these
two variables are shown in Fig. 5.

Once a VBF-jet pair has been identified, the ZZ ! `+`�qq̄ decay is reconstructed in exactly the same way
as in the resolved channel, except that the jets used for the VBF-jet pair are excluded and no b-tagging
categories are created due to the small sample size. The final m`` j j discriminant is shown in Fig. 6. Again,
the resolution is improved by constraining the dijet mass to mZ as described in Section 7.1.1, resulting in
a similar overall resolution of 2–3%.

7.2. Background estimation

The main background in the ``qq search is Z + jets production, with significant contributions from both
top-quark and diboson production in the resolved ggF channel, as well as a small contribution from mul-
tijet production in all channels. For the multijet background, the shape and normalization is taken purely
from data, as described below. For the other background processes, the input is taken from simulation,
with data-driven corrections for Z + jets and tt̄ production. The normalizations of the Z + jets and top-
quark backgrounds are left free to float and are determined in the final likelihood fit as described below
and in Section 10.
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Figure 9: The distributions of mT, the transverse mass of the Z(⌫⌫)Z( j j) system, used in the likelihood fit for the
H ! ZZ ! ⌫⌫̄qq̄ search in the (a, c) untagged and (b, d) tagged channels, for Higgs boson mass hypotheses of
(a, b) mH = 400 GeV and (c, d) mH = 900 GeV. The dashed line shows the total background used as input to the
fit. For the mH = 400 GeV hypothesis (a, b) the simulated signal is normalized to a cross-section corresponding to
twenty times the observed limit given in Section 11, while for the mH = 900 GeV hypothesis (c, d) it is normalized
to thirty times the observed limit. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes.
The bottom panes show the ratio of the observed data to the predicted background.

Z + jets MC simulation is corrected as a function of �� j j and p``T in the same manner as in the resolved
ggF channel of the ``qq search, as described in Section 7.2 and Appendix B.

The W + jets background estimate similarly uses a control sample with the same selection as the signal
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Figure 12: 95% CL upper limits on � ⇥ BR(H ! ZZ) as a function of mH , resulting from the combination of all of
the searches in the (a) ggF and (b) VBF channels. The solid black line and points indicate the observed limit. The
dashed black line indicates the expected limit and the bands the 1-� and 2-� uncertainty ranges about the expected
limit. The dashed coloured lines indicate the expected limits obtained from the individual searches; for the ``qq
and ⌫⌫qq searches, only the combination of the two is shown as they share control regions.
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and ⌫⌫qq searches, only the combination of the two is shown as they share control regions.
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Figure 13: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV, shown
as a function of the parameters cos(� � ↵) and tan �. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The vertical axis range is set such
that regions where the light Higgs couplings are enhanced by more than a factor of three from their SM values are
avoided.

also not directly comparable with the recent results published by the CMS Collaboration [8] for similar
reasons.
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In the Njet = 0 category, additional requirements on the pT of the dilepton system p``T and on m`` are applied.
In the Njet = 1 category, a b-jet veto is applied to suppress the top background, and a selection on m`` is
imposed. To orthogonalise the Njet = 0 and Njet = 1 signal regions with respect to the WW control regions
(Section 5.2), the pseudorapidity di↵erence �⌘`` between the two leptons is required to be smaller than
1.35.

The Njet � 2 category is optimised to extract the Higgs boson signal produced via vector-boson fusion. The
invariant mass m j j of the two highest-pT jets, referred to as the tagging jets, is required to be larger than
500 GeV. The magnitude of the rapidity di↵erence between the tagging jets, �y j j , is required to be larger
than 4.0. In addition, the event must have no additional jets with pT > 20 GeV within the rapidity gap
of the tagging jets, while both leptons are required to be within this rapidity gap. A b-jet veto is applied,
and the total transverse momentum ptot

T in the event is required to be smaller than 40 GeV. The quantity
ptot

T is defined as the magnitude of p`1T +p`2T +pmiss
T +

P
pjets

T , where the sum is over all jets that pass the
nominal analysis jet selection. Selections on m`` are applied as in the Njet  1 categories, and �⌘`` < 1.85
is required. For a Higgs boson with mH = 300 GeV and the ratio of ggF and VBF cross sections predicted
by the SM, 83% of the total signal selected in the Njet � 2 category is produced by the VBF process. In the
Njet = 0 and Njet = 1 categories, these fractions are 2% and 12%, respectively. The signal fractions from
the VBF process increase with increasing mH .

The discriminant used to derive the final results in this analysis is the transverse mass mT, defined as:

mT =

q
(E``T + Emiss

T )2 � |p``T + Emiss
T |2, (2)

where E``T =
q
|p``T |2 + m2

``.

5.2 Background determination

The major backgrounds in this analysis are top-quark and WW production, with additional contributions
from W/Z+jets, multijets, and the diboson processes WZ, W�, W�⇤, and ZZ. The top-quark and WW
backgrounds are normalised to data in control regions (CRs) defined by criteria similar to those used
for the SR, but with some requirements loosened or reversed to obtain signal-depleted samples enriched
in the relevant backgrounds. This normalisation is done through a simultaneous fit to the signal region
and all control regions, as described in Section 9.1. This fit uses the complete background prediction in
each region in order to account for the presence of other backgrounds and the potential small presence
of signal. In particular, any background whose normalisation is determined by a control region is scaled
by the same normalisation factor in all signal and control regions, not just its own control region. The
following subsections describe the methods used to estimate the most important backgrounds, namely,
WW, top-quark events, and W+ jets, in more detail. The Drell–Yan and non-WW diboson backgrounds
are small, and their predictions are computed from simulation.
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Table 5: Event selection criteria for the Njet = 0 and Njet = 1 WW control regions in the H ! WW ! `⌫`⌫ analysis.
The criteria that are di↵erent with respect to the SR definition are shown. Only the di↵erent-flavour final state is
used.

Category Njet = 0 Njet = 1

Lepton transverse momentum plead
T > 22 GeV

psublead
T > 15 GeV

Missing transverse momentum pmiss
T > 20 GeV pmiss

T > 35 GeV

General selection and
H ! WW ! `⌫`⌫ topology

- Nb-jet = 0
p``T > 35 GeV -
m`` > 75 GeV m`` > 75 GeV
�⌘`` > 1.35 �⌘`` > 1.35

5.2.1 WW background

In the Njet  1 categories, the WW background is normalised using a CR defined with the selection sum-
marised in Table 5. To orthogonalise the WW CRs to the Njet = 0 and Njet = 1 SRs, the selection on �⌘``
is reversed with respect to the SR definitions: �⌘`` > 1.35 is required. Only the di↵erent-flavour final
states are used to determine the WW background, and the purity is 70.5% and 40.6% in the Njet = 0 and
Njet = 1 categories, respectively. The normalisation factors obtained from the simultaneous fit to the signal
and control regions are 1.18 ± 0.04 for the Njet = 0 CR and 1.13 ± 0.08 for the Njet = 1 CR, where the
uncertainty quoted includes only the statistical contribution. The high normalisation factor for WW events
with zero jets has been studied in Ref. [84], and results from poor modelling of the jet veto e�ciency.
The WW prediction in the Njet � 2 category is taken from simulation, because it is di�cult to isolate a
kinematic region with a su�cient number of WW events and a small contamination from the top-quark
background.

Figure 1 shows the mT distributions in the Njet  1 WW CRs. Normalisation factors obtained from the top
CRs as well as from the WW CRs have been applied to these distributions.

5.2.2 t t̄ and single top background

Top-quark events can be produced as a tt̄ pair, or in association with a W boson or another flavour of quark.
In the H!WW ! `⌫`⌫ analysis, contributions from tt̄ and single-top events are estimated together, since
it is not easy to kinematically separate the two processes, and the contribution from single top is relatively
small.

Owing to the di�culty of defining reasonably pure control regions in the Njet = 0 category, the top-quark
background in this category is not estimated from the likelihood fit. The jet veto survival probability
(JVSP) procedure, described in more detail in Ref. [86], is employed instead. Only the di↵erent-flavour
final states are used to enhance the purity of the CR, particularly with respect to Drell–Yan events. The
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Figure 3: Data and Monte Carlo comparison of the shape of the invariant mass of the WW system m`⌫ j j in the (a) ggF
and (b) VBF WCRs after the mH = 300 GeV selection for the H!WW ! `⌫qq analysis. All the lepton flavour and
charge categories are summed together. To isolate the e↵ects of W+jets background modelling, other contributions
(top, diboson, Z+ jets, multijet) are subtracted from the data. The Monte Carlo distributions are normalised to the
remaining data. The ratio of the data to the Monte Carlo distribution is shown in the bottom panel, along with a red
line showing the resulting weights that are applied to correct the Monte Carlo predictions in the rest of the analysis.

Alpgen + Pythia6, results in better agreement with the data in the WCR, but does not have enough events
for a statistically precise prediction in the signal region for large values of mH .

To correct the observed mismodelling, simulated W+ jets events are reweighted using the m`⌫ j j distribution
observed in the WCR. In order to obtain a smooth function to use for the reweighting, the ratio of the data
to the prediction is fit with polynomial functions. The degree of the polynomial is chosen to have enough
flexibility to yield a good fit quality, the fit range being restricted to m`⌫ j j values where a statistically
meaningful fit can be made. For the ggF WCR, shown in Figure 3(a), a second-order polynomial function
is used and the fit is extended to m`⌫ j j = 1.7 TeV. Above that value of m`⌫ j j, a constant function at the
value of the polynomial at m`⌫ j j = 1.7 TeV is used. For the VBF WCR, shown in Figure 3(b), a third-order
polynomial function is used, up to m`⌫ j j = 0.7 TeV. Fits extending to higher values of m`⌫ j j have been
attempted but require either a more complex fitting function or have a visibly poor-quality fit to the data.
For simplicity, a constant function is used for m`⌫ j j > 0.7 TeV, as illustrated in the figure. The value of the
function is the value of the third-order polynomial at m`⌫ j j = 0.7 TeV.

The top-quark control region (TopCR) is designed to be as pure as achievable for the second largest
background, tt̄ ! WbWb ! `⌫ j j + bb. The event topology of this background is similar to that of the
Higgs boson signal, but contains two characteristic b-jets. The TopCR is defined to be identical to the
SR, but with the b-jet veto reversed. As with the WCR, the TopCR region selection follows the mass-
dependent signal region selection described in Section 6.3, and lepton flavours and hadronic W topologies
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Figure 4: Data and Monte Carlo comparison of the shape of the invariant mass of the WW system m`⌫ j j in the
(a) ggF (b) VBF TopCRs after the mH = 300 GeV selection for the H ! WW ! `⌫qq analysis. All the lepton
flavour and charge categories are summed together. To isolate the e↵ects of top-quark background modelling, other
contributions (W+ jets, diboson, Z+ jets, multijet) are subtracted from the data. The Monte Carlo distributions are
normalised to the remaining data. The ratio of the data to the Monte Carlo distribution is shown in the bottom panel,
along with a red line showing the resulting weights that are applied to correct the Monte Carlo predictions in the rest
of the analysis.

are merged but separate TopCRs are defined for the ggF and VBF topologies. The purity of the TopCR
is about 80% and does not depend strongly on the region-specific selection. Similarly, the value of the
resulting normalisation factor is stable with respect to the kinematic selection and is consistent with unity
within the uncertainties. The values of the normalisation factor found by the simultaneous fit to the signal
and control regions range from 0.9 ± 0.1 to 1.3 ± 0.2. Both extremes occur in the VBF control region for
mH-dependent selection for mH � 700 GeV, which is most subject to statistical fluctuations.

The m`⌫ j j distributions in the ggF and VBF TopCRs are shown in Figure 4. As in Figure 3, processes
other than top-quark single and pair production are subtracted from the data, and the resulting distribution
is compared to the top-quark prediction after normalising the prediction to the data. Similarly to the WCR,
di↵erences in shape are observed, and simulated top-quark events are reweighted accordingly as a function
of m`⌫ j j. A first-order polynomial function is fit to the data. Since the purity of events with a top quark in
the TopCR is very high, the W+jets contribution in Figure 4 has no m`⌫ j j reweighting applied.

For both the W+ jets and top-quark backgrounds, the event weights used to correct the MC simulated
events are derived from corresponding CRs after the mH = 300 GeV selection, because this is the most in-
clusive selection. The higher-mass criteria select subsets of the events accepted by the 300 GeV selection.
The agreement between the data and MC distributions in the W and top-quark CRs when other mass-
dependent selection criteria are applied is consistent with the results from the 300 GeV selection. The
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Figure 8: 95% CL upper limits on �H ⇥ BR(H ! WW) from the H ! WW ! `⌫`⌫ analysis for the CPS scenario.
Limits for ggF production (left) and VBF production (right) are shown. The green and yellow bands show the ±1�
and ±2� uncertainties on the expected limit.
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Figure 9: 95% CL upper limits on �H ⇥ BR(H ! WW) from the H ! WW ! `⌫`⌫ analysis for a signal with a
narrow width. Limits for ggF production (left) and VBF production (right) are shown. The green and yellow bands
show the ±1� and ±2� uncertainties on the expected limit.

9.3 Upper limits from the H!WW ! `⌫qq analysis

Limits are derived following the same procedure as for the H ! WW ! `⌫`⌫ channel. Figure 10 shows
the 95% CL upper limits on �H ⇥ BR(H ! WW) as a function of mH for the CPS scenario, separately
for ggF and VBF production, in the mass range 300 GeV  mH  1000 GeV. The limits derived from the
H!WW! `⌫qq analysis are comparable to those derived from the H!WW! `⌫`⌫ analysis. Figure 11
shows the upper limits on a Higgs boson with a narrow width in the range 300 GeV  mH  1500 GeV,
separately for ggF and VBF production.
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Figure 10: 95% CL upper limits on �H ⇥BR(H ! WW) from the H!WW ! `⌫qq analysis for the CPS scenario.
Limits for ggF production (left) and VBF production (right) are shown. The green and yellow bands show the ±1�
and ±2� uncertainties on the expected limit.

The systematic uncertainties with the largest e↵ect on the observed limits at mH = 300 GeV are those
related to the jet energy scale and resolution, the multijet background estimation, and the b-jet tagging,
particularly the uncertainty on the rate for mistakenly tagging a light-quark jet as a b-jet. As the tested
mass hypothesis increases, the m`⌫ j j shape uncertainties on the W+ jets and top backgrounds become the
leading sources of uncertainty and the multijet background systematic uncertainties become negligible.
For the CPS scenario, the uncertainty on the interference weighting also becomes a dominant systematic
uncertainty at high mH .

To show the overall e↵ect of systematic uncertainties on the analysis, the exercise done for the H!WW! `⌫`⌫
analysis is repeated. If systematic uncertainties are omitted, the observed ggF limits in the CPS scenario
decrease by 66% at mH = 300 GeV and 40% at mH = 1000 GeV. The corresponding VBF limits decrease
by about 40% and 20%, respectively. The trends relative to mH and ggF vs. VBF are similar to what is seen
in the dilepton final state, but systematic uncertainties have a larger e↵ect on the H!WW ! `⌫qq limits
than on the H ! WW ! `⌫`⌫ limits because the larger candidate event samples in the former analysis
result in smaller statistical uncertainties.

The downward excursions of the observed limits compared to the expected ones seen for mH & 600 GeV in
Figure 10 in the ggF category and for mH ⇡ 750 GeV in both categories in Figure 11 have been investigated
and no underlying systematic e↵ect identified. In particular, the simultaneous dip in the ggF and VBF
NWA limits at mH ⇡ 750 GeV is attributable to a coincidence of deficits in the data in the statistically
independent ggF and VBF SRs at that value of m`⌫ j j.

9.4 Combined upper limits

This section presents 95% CL upper limits on the production of high-mass Higgs bosons in the CPS and
NWA scenarios from a combination of the H ! WW ! `⌫`⌫ and H ! WW ! `⌫qq final states. In
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9.3 Upper limits from the H!WW ! `⌫qq analysis

Limits are derived following the same procedure as for the H ! WW ! `⌫`⌫ channel. Figure 10 shows
the 95% CL upper limits on �H ⇥ BR(H ! WW) as a function of mH for the CPS scenario, separately
for ggF and VBF production, in the mass range 300 GeV  mH  1000 GeV. The limits derived from the
H!WW! `⌫qq analysis are comparable to those derived from the H!WW! `⌫`⌫ analysis. Figure 11
shows the upper limits on a Higgs boson with a narrow width in the range 300 GeV  mH  1500 GeV,
separately for ggF and VBF production.
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Figure 11: 95% CL upper limits on �H ⇥ BR(H ! WW) from the H ! WW ! `⌫qq analysis for a signal with a
narrow width. Limits for ggF production (left) and VBF production (right) are shown. The green and yellow bands
show the ±1� and ±2� uncertainties on the expected limit.

the statistical combination, the likelihood function is constructed from the signal and background prob-
ability density functions from the two analyses. The combination takes into account all statistical and
systematic uncertainties in both analyses. In particular, correlated e↵ects of given sources of systematic
uncertainties in the two final states are taken into account correctly. These correlated e↵ects arise from
sources of uncertainty common to the final states, for example, those related to detector response a↵ecting
the reconstruction, identification and calibration of electrons, muons, jets, Emiss

T and b-tagging, as well
as the integrated luminosity. Systematic uncertainties that a↵ect both final states are correlated in the
combination unless there is a specific reason not to correlate them.

Since the H ! WW ! `⌫qq analysis sets upper limits starting at a Higgs boson mass hypothesis of 300
GeV, the combination is performed starting at mH = 300 GeV. In the CPS scenario, the upper range of the
combination is mH = 1000 GeV since neither analysis performs the search above this mass because of the
large width. In the NWA case, the upper range of the combination extends to mH = 1500 GeV.

Figure 12 shows combined upper limits separately on the ggF and VBF production modes for a Higgs
boson in the CPS scenario. As in the case of the H ! WW ! `⌫`⌫ and H ! WW ! `⌫qq final states,
when expected limits on a given production mode are extracted, the cross section of the other production
mode is set to zero, while for deriving observed limits on the production mode, the cross section of the
other mode is profiled using data.

Figure 13 shows the limits on �H ⇥ BR(H ! WW) as a function of mH for a narrow-width Higgs boson,
separately for the ggF and VBF production modes. As in the CPS scenario, when observed limits on a
given production mode are extracted, the strength parameter of the other production mode is profiled as a
nuisance parameter in the fit.
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Figure 14: 95% CL upper limits in the intermediate-width scenario on �H
02 ⇥ BR(H ! WW) from the

H ! WW ! `⌫`⌫ analysis for a heavy scalar resonance with width in the range 0.2�H,SM  �H  0.8�H,SM.
The ggF and VBF production modes have been combined.

branching ratios of the heavy Higgs boson are the same as for a hypothetical SM Higgs boson of the same
mass. The cross section, width and branching ratio of the heavy Higgs boson can be expressed as follows:

�H = 02 ⇥ �H,SM

�H = 02 ⇥ �H,SM

BRi = BRSM,i.

(9)

where �H,SM, �H,SM, and BRSM,i are the cross section, total width and branching ratio to decay mode i
of a SM Higgs boson with mass mH , respectively. The parameters of a true electroweak singlet model
are substantially constrained by measurements of the Higgs boson at mH ⇡ 125 GeV [3]. The treatment
described here allows a greater spectrum of possible widths to be explored.

Figure 14 shows upper limits in the H ! WW ! `⌫`⌫ channel as a function of mH in the intermediate-
width scenario for widths in the range 0.2�H,SM  �H  0.8�H,SM. Limits are shown on �H ⇥ BR(H !
WW) divided by 02 to facilitate readability, since otherwise the limit curves corresponding to the vari-
ous 02 values approximately coincide. This feature indicates that the H ! WW ! `⌫`⌫ channel has
little sensitivity to the width of the resonance. Similarly, Figure 15 shows corresponding limits for
the H ! WW ! `⌫qq analysis, and Figure 16 shows the combination of the H ! WW ! `⌫`⌫ and
H ! WW ! `⌫qq analyses.
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Figure 15: 95% CL upper limits in the intermediate-width scenario on �H
02 ⇥ BR(H ! WW) from the

H ! WW ! `⌫qq analysis for a heavy scalar resonance with width in the range 0.2�H,SM  �H  0.8�H,SM.
The ggF and VBF production modes have been combined.
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Figure 16: 95% CL upper limits in the intermediate-width scenario from the combination of the H ! WW ! `⌫`⌫
and H!WW ! `⌫qq final states. Limits are set on �H

02 ⇥BR(H ! WW) for a heavy scalar resonance with a width
in the range 0.2�H,SM  �H  0.8�H,SM. The ggF and VBF production modes have been combined.
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Search Channel SR Z CR W CR Top CR

````
ggF meeee, mµµµµ,

meeµµ, mµµee
VBF m````
VH m````

``⌫⌫
ggF mee

T , mµµT
VBF Nee

evt, Nµµevt

``qq ggF
untagged m`` j j MV1c cat.
tagged m`` j j MV1c cat. m`` j j
merged-jet m`` j m`` j

VBF m`` j j m`` j j

⌫⌫qq ggF untagged mT
MV1c cat. (0 b-tags)
MV1c cat. (1 b-tag)

tagged mT

Table 3: Summary of the distributions entering the likelihood fit for each channel of each search, both in the signal
region (SR) and the various control regions (CR) used to constrain the background. Each entry represents one
distribution; some channels have several distributions for di↵erent lepton flavours. MV1c cat. refers to the MV1c b-
tagging event category. The distributions are unbinned for the ```` search and binned elsewhere. The VBF channels
of the ``⌫⌫ search use only the overall event counts. See the text for the definitions of the specific variables used as
well as for the definitions of the signal and control regions.

both ggF and VBF production of the heavy Higgs boson are set to zero. The remaining nuisance para-
meters are set to the value that maximizes the likelihood function for the observed data (profiled). When
using the asymptotic procedure to calculate limits it is necessary to generate an Asimov data set both
for the background-only hypothesis and for the signal hypothesis. When setting the observed limits, the
cross-section for the other production mode not under consideration is profiled to data before generating
the background-only Asimov data set.

11. Results

Limits on the cross-section times branching ratio from the combination of all of the searches are shown
in Fig. 12. Also shown are expected limits from the ````, ``⌫⌫ and the combined ``qq +⌫⌫qq searches
(the latter two searches are only shown in combination as they share control regions). At low mass the
```` search has the best sensitivity while at high mass the sensitivity of the combined ``qq +⌫⌫qq search
is greatest, with the sensitivity of the ``⌫⌫ channel only slightly inferior. In the mass range considered
for this search the 95% confidence level (CL) upper limits on the cross-section times branching ratio for
heavy Higgs boson production vary between 0.53 pb at mH = 195 GeV and 0.008 pb at mH = 950 GeV
in the ggF channel and between 0.31 pb at mH = 195 GeV and 0.009 pb at mH = 950 GeV in the VBF
channel. The excursions into the 2� band around the expected limit originate from local deviations in the
input distributions. For example, the excess occurring around 200 GeV and the deficit occurring around
300 GeV arise from the ```` (see Fig. 1) search. Deficits at higher mass are driven by fluctuations in the
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ggF mode VBF mode
Systematic source E↵ect [%] Systematic source E↵ect [%]

mH = 200 GeV

gg! ZZ K-factor uncertainty 27 gg! ZZ acceptance 13
Z+hf �� reweighting 5.3 Jet vertex fraction (``qq/⌫⌫qq) 13
Luminosity 5.2 gg! ZZ K-factor uncertainty 13
Jet energy resolution (``qq/⌫⌫qq) 3.9 Z + jets �� reweighting 7.9
QCD scale gg! ZZ 3.7 Jet energy scale ⌘ modelling (``qq/⌫⌫qq) 5.3

mH = 400 GeV

qq! ZZ PDF 21 Z + jets estimate (``⌫⌫) 34
QCD scale qq! ZZ 13 Jet energy resolution (````/``⌫⌫) 6.5
Z + jets estimate (``⌫⌫) 13 VBF Z + jets m`` j j 5.5
Signal acceptance ISR/FSR (````/``⌫⌫) 7.8 Jet flavour composition (````/``⌫⌫) 5.3
Z + bb̄, Z + cc̄, p``T 5.6 Jet vertex fraction (``qq/⌫⌫qq) 4.8

mH = 900 GeV

Jet mass scale (``qq) 7 Z + jets estimate (``⌫⌫) 19
Z + j j pZ

T shape (⌫⌫qq) 5.6 Jet mass scale (``qq) 8.7
qq! ZZ PDF 4.3 Z + j j p``T shape 7.3
QCD scale qq! ZZ 3.5 Jet energy resolution (````/``⌫⌫) 4.4
Luminosity 2.6 Jet flavour composition (VV/Signal) 2.6

Table 4: The e↵ect of the leading systematic uncertainties on the best-fit signal cross-section uncertainty, expressed
as a percentage of the total (systematic and statistical) uncertainty, for the ggF (left) and VBF (right) modes at
mH = 200, 400, and 900 GeV. The uncertainties are listed in decreasing order of their e↵ect on the total uncertainty;
additional uncertainties with smaller e↵ects are not shown.

``qq search (see Figs. 3 and 6).

Figure 13 shows exclusion limits in the cos(� � ↵) versus tan � plane for Type-I and Type-II 2HDMs,
for a heavy Higgs boson with mass mH = 200 GeV. This mH value is chosen so the assumption of a
narrow-width Higgs boson is valid over most of the parameter space, and the experimental sensitivity
is at a maximum. As explained in Section 3.2, the range of cos(� � ↵) and tan � explored is limited
to the region where the assumption of a heavy narrow-width Higgs boson with negligible interference
is valid. When calculating the limits at a given choice of cos(� � ↵) and tan �, the relative rate of ggF
and VBF production in the fit is set according to the prediction of the 2HDM for that parameter choice.
Figure 14 shows exclusion limits as a function of the heavy Higgs boson mass mH and the parameter tan �
for cos(� � ↵) = �0.1. The white regions in the exclusion plots indicate regions of parameter space not
excluded by the present analysis; in these regions the cross-section predicted by the 2HDM is below the
experimental sensitivity. Compared with recent studies of indirect limits [106], the exclusion presented
here is considerably more stringent for Type-I with cos(� � ↵) < 2 and 0.5 < tan � < 2, and for Type-II
with 0.5 < tan � < 2.

The previously published ATLAS results using data collected at
p

s = 7 TeV [5–7] assumed a SM
Higgs boson with the relative rate of ggF and VBF production fixed to the SM prediction. Thus, they
are not directly comparable with the current results, which assume that the heavy Higgs boson has a nar-
row width but also allow the rates of ggF and VBF production to vary independently. These results are
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Figure 14: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for cos(� � ↵) = �0.1,
shown as a function of the heavy Higgs boson mass mH and the parameter tan �. The shaded area shows the
observed exclusion, with the black line denoting the edge of the excluded region. The blue line represents the
expected exclusion contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The grey area
masks regions where the width of the boson is greater than 0.5% of mH . For the choice of cos(� � ↵) = �0.1 the
light Higgs couplings are not altered from their SM values by more than a factor of two.

12. Summary

A search is presented for a high-mass Higgs boson in the H ! ZZ ! `+`�`+`�, H ! ZZ ! `+`�⌫⌫̄,
H ! ZZ ! `+`�qq̄, and H ! ZZ ! ⌫⌫̄qq̄ decay modes using the ATLAS detector at the CERN
Large Hadron Collider. The search uses proton–proton collision data at a centre-of-mass energy of 8 TeV
corresponding to an integrated luminosity of 20.3 fb�1. The results of the search are interpreted in the
scenario of a heavy Higgs boson with a width that is small compared with the experimental mass resol-
ution. The Higgs boson mass range considered extends up to 1 TeV for all four decay modes and down
to as low as 140 GeV, depending on the decay mode. No significant excess of events over the Standard
Model prediction is found. Limits on production and decay of a heavy Higgs boson to two Z bosons are
set separately for gluon-fusion and vector-boson-fusion production modes. For the combination of all
decay modes, 95% CL upper limits range from 0.53 pb at mH = 195 GeV to 0.008 pb at mH = 950 GeV
for the gluon-fusion production mode and from 0.31 pb at mH = 195 GeV to 0.009 pb at mH = 950 GeV
for the vector-boson-fusion production mode. The results are also interpreted in the context of Type-I
and Type-II two-Higgs-doublet models, with exclusion contours given in the cos(� � ↵) versus tan � and
mH versus tan � planes for mH = 200 GeV. This mH value is chosen so that the assumption of a narrow-
width Higgs boson is valid over most of the parameter space, and so that the experimental sensitivity is
at a maximum. Compared with recent studies of indirect limits, the two-Higgs-doublet model exclusion
presented here is considerably more stringent for Type-I with cos(� � ↵) < 2 and 0.5 < tan � < 2, and for
Type-II with 0.5 < tan � < 2.
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How to probe different production modes
Higgs candidate events are selected from their decay states. Need to
disentangle different production modes to probe Higgs couplings

VH
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q

H

V Leptons, missing ET or low-mass
dijets (from W/Z decays) not included in WW

or Z� in this talk
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q
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Two forward jets with high di-jet
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ttH

g t

g t̄
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Coupling Combination - ATLAS-CONF-2014-009

Statistical Procedure
Likelihood : Poisson probabilities with parameter of interest (POI) and
nuisance parameters.

L(data|µ, ✓) = Poisson(data|µ ⇥ s(✓) + b(✓)) ⇥ p(✓̃|✓) (1)

Signal strength µ is tested with test statistics

qµ = �2 ln⇤(µ) = �2 ln{L(µ, ˆ̂✓(µ))

L(µ̂, ✓̂)
} (2)

Combined likelihood is the product of likelihoods from different
channels,

L(data|µ, ✓) =
Y

i

Li(datai |µ, ✓i) (3)

Global fitting with combined likelihood
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